In this paper, we investigate the effect of omni-directional reflectors (ODRs) on the light extraction efficiency (LEE) for flip-chip near-ultraviolet light-emitting diodes (LEDs) on patterned (PSS) and flat sapphire substrate (FSS) using three-dimensional finite-difference time-domain method. Different design principles of ODR for the flip-chip LEDs on PSS and FSS are proposed to attain optimum LEE. For the flip-chip LED on FSS, the LEE curve is oscillatory with changing the thickness of the SiO 2 layer as a result of the coherent interference in the ODR and the optical cavity tuning effect for light source. Therefore, the thickness of the p-GaN needs to satisfy even times of quarter wave and the thickness of SiO 2 needs to be quarter wave. However, for the flip-chip LED on PSS, both the total internal reflection and the surface plasmon polariton resonance absorption play a major role leading to LEE increasing as the thickness of SiO 2 layer increases. As a result, SiO 2 layer with a thickness of over one wavelength is better, because the energy of evanescent wave decays to sufficiently negligible when it reaches the Al metal.
Introduction
High power GaN-based visible light emitting diode (LED) has been widely applied in general illumination, backlight display, plant lighting, disinfection, photo catalyst, and curing [1] , [2] . Conventional LED structures grown on a sapphire substrate suffer from severe current crowding, a significant amount of obstructed photons by electrode pads and heat-conducting problems due to the low thermal conductivities of sapphire substrates [3] , [4] . Additionally, the large refraction index contrast between GaN and air leads to small photon escape cone and low light extraction efficiency [5] , [6] . Fortunately, a flip-chip design can simultaneously satisfy thermal management and light extraction [7] , [8] . For flip-chip LED, a reflective mirror on the p-type layer surface promotes the light beams to emit out from the sapphire side. The low refraction index and the high transparency of sapphire substrate can make less light absorbed and Fresnel reflected in LED chip [4] . In addition, if the distance between the reflective mirror and the quantum wells is reasonably selected, more light can be emitted from quantum well into escape cone due to the optical cavity effect [9] - [11] . For high-power flip-chip LED, it is necessary to utilize a high reflective p-type metal contact to prevent light loss as a result of metal absorption. To obtain a higher reflectivity for back reflector, an omni-directional reflector (ODR) possessing high reflectivity has been proposed by many research groups [3] , [12] - [19] . A typical ODR comprises of a semiconductor layer, a low refractive index layer and a metal layer. And it is well known that the optimum physical thickness of the low-index dielectric layer is quarter-wave due to the highest normal-incidence reflectance through constructive interference [2] , [18] . It has been confirmed that the ODR has lower losses than metallic reflectors and thus provides greater enhancement of the light extraction efficiency (LEE) for flip-chip LED [3] , [12] - [19] . But the optical cavity effect is introduced by ODR is not taken into account in ODR design. In addition, according to what I have learnt, all reported design principles related to ODR are based on flip-chip LED on flat sapphire substrate (FSS). But nowadays, patterned sapphire substrate (PSS) has been employed in the commercial high-brightness LEDs because it can improve light extraction efficiency [20] - [22] and epitaxial crystal quality [2] , [23] . So it is also worth to investigate if the quarter-wave thick low-index dielectric layer in ODR is optimum for flip-chip LED on PSS.
In this work, using three-dimensional finite-different time-domain simulation (3D FDTD), we compared the effect of back reflector on flip-chip near ultraviolet LED (NUV LED) with FSS and that with PSS. Our results show that the optical cavity effect makes far larger effect on flip-chip LED with FSS than that with PSS because the light with larger radiation angle can be scattered into escape cone by PSS. Moreover, we find that the flip-chip LED with FSS does not always have the largest LEE when the thickness of low refraction index layer of ODR is quarter-wave. Here, we propose that the optimal ODR structure for the flip-chip LED with FSS possesses not only a low-index dielectric layer with a quarter-wave thickness but also a pGaN layer with even times of quarter-wave thickness. In addition, the LEE of the flip-chip LED grown on PSS increases with thickness of low refraction index layer of ODR. Thus, for the optimal ODR structure for the flip-chip LED with PSS, the thickness of low-index dielectric layer should be designed to be over one wavelength instead of a quarter-wave. The design principle of ODR for flip-chip LED with PSS is different from that with FSS due to different physical mechanism for enhancing LEE.
Calculation of LEE With 3D FDTD Method
Flip-chip near ultraviolet LEDs (NUV LEDs) on FSS and PSS are studied numerically through 3D FDTD. Fig. 1 that with FSS, respectively. According to the size of commercial PSS, the height, the period and the space of PSS are set to 1.7 μm, 3 μm and 0.3 μm, respectively. An ODR structure comprised of pGaN, SiO 2 and metal Al is fixed on the bottom of the model to reflect photon and make light mainly extracted from the transparent sapphire. Al-based reflector is a good alternative for NUV LEDs because of the high reflectivity in the UV wavelength range [15] , [16] , [19] . The thicknesses of the nGaN and the sapphire are set to 3 μm and 1 μm, respectively. A 200-nm thick multiple quantum wells (MQWs) layer is set between nGaN and pGaN. A single dipole source is positioned in the middle of MQW layer. The peak wavelength of the spectrum of the dipole source is set at 400 nm. The dipole source is polarized in the direction paralleling to the X-axis for the excitation of TE mode because the TE-polarized light is dominated in InGaN MQWs spontaneous emission [5] . The Z-axis is perpendicular to the C-plane of DUV LED. Therefore, the TE-polarized lights propagate mainly in the YZ plane and are isotropic in YZ plane. The lateral dimension of the computational model is set to 8 × 8 μm 2 . The absorption coefficients of the MQWs layer and the GaN layer are assumed to be 10 cm −1 and 1000 cm −1 , respectively. Four lateral boundary conditions are set to perfect mirrors such that the limited lateral dimensions are treated as infinite [5] . The bottom and the top boundary conditions are set as perfect-matched-layer (PML), which full absorbs the electromagnetic energy incident upon it. The LEE is defined as the ratio of total extracted light power to the total power emitted from dipole source.
Results and Discussion
It is well known that for the flip-chip LED, the bottom mirror not only reflects the light into sapphire, but also tunes the directionality of spontaneous emission through the optical cavity effect [9] , which makes the thickness of pGaN layer have an important effect on the LEE of flip-chip LED. Therefore, the effect of pGaN layer thickness is first studied and the simulated LEE results are shown in Fig. 2(a) . Here, the bottom reflector is metal Al mirror not ODR. It can be seen that there is oscillating behavior for LEE curve of flip-chip LED with FSS and the period is about 80 nm. According to the interference theory, the period of oscillating is P = λ/2n [2] , where λ = 400 nm is the wavelength of light source and n = 2.56 is the refraction index of GaN. The theory oscillating period (P) can be calculated to be 78.12 nm that has a near agreement with the result of flip-chip LED with FSS in Fig. 2(a) . The theoretical value (78.12 nm) is slightly different from the simulation value (about 80 nm) because the phase change at the metal-dielectric interface is not real halfwave [24] . However, compared with flip-chip LED with FSS, the LEE oscillating behavior for flip-chip LED with PSS is far less obvious. , it can be found that the spontaneous emission patterns for flip-chip LED with FSS and that with PSS are the same under the same thick pGaN. Namely, reflectors make the same tuning effect on spontaneous emission patterns of flip-chip LED whatever the substrate is PSS or FSS. Therefore, optical cavity effect is not the reason for the less obvious oscillating behavior for LEE curve of flip-chip LED with PSS.
Therefore, we infer that the scatter structure of PSS decreases the tuning effect of optical cavity on LEE. To confirm it, a simplified model with the plan wave as incident light source is simulated and the model structure is shown in the insert of Fig. 3 . The inclined angle of incident light source is α and lateral boundary conditions are period boundary. The LEE curves as inclined angle α are shown in Fig. 3(a) . It can be seen from Fig. 3(a) that for FSS, no light can be extracted when the inclined angle α is larger than 25°because the critical angle of GaN/air is 23°according to the Snell's law. But for PSS, the LEE is still larger than 50% when the angle is beyond 25°because the incident light with various inclined angles can be scattered into the escape cone of flip-chip LED by PSS. Therefore, the LEE of flip-chip LED with PSS is less affected by the radiation distribution of light source than that with FSS. Effects of pGaN thickness on the far-field patterns of flip-chip LED with PSS and FSS also are shown in Figs. 3(b) -(e). Comparing far-field radiation patterns of FSS-LEDs with 80-nm pGaN in Fig. 3(b) and, overall intensity of far-field radiation patterns of FSS-LEDs with 120-nm pGaN in Fig. 3(c) is far lower because the LEE of FSS-LED with 120-nm pGaN is the lowest and that with 80-nm pGaN is the highest as shown in Fig. 2(a) . And the radiation intensity at center is the strongest in Fig. 3(b) while the radiation intensity at center is weaker than at edge in Fig. 3(c) . Comparing far-field radiation patterns of PSS-LEDs with 80-nm pGaN in Fig. 3(d) and, overall intensity of far-field radiation patterns of FSS-LEDs with 120-nm pGaN in Fig. 3(c) is slight higher. But both of their radiation patterns are same because the scattering effect of PSS eliminates the tuning effect of optical cavity. Therefore, optical cavity tuning effect play an important in the far-field patterns of flip-chip LED with FSS, but it make little effect on the far-field patterns of flip-chip LED with PSS.In addition, it is worth noting that LEEs of flip-chip LED with PSS in Fig. 3(a) under various emitting angles of light source are larger than 50%, but the LEE of flip-chip LED with PSS in Fig. 2 is lower than 35%. The main difference is that the Al reflector with 85% normal reflectivity is applied in the model of Fig. 2 while the perfect electrical conductor (PEC) with 100% reflectivity is used as reflector in the model of Fig. 3(a) . Therefore, the over 15% of total emitting light intensity has been absorbed by Al reflector. There is no doubt that it is very important for the LEE of flip-chip LED with PSS to increase the reflectivity of mirror.
ODR is often used to increase the reflectivity of metal mirror in LED through constructive interference [2] , [19] . Here, an ODR structure comprises of pGaN, SiO 2 and metal Al is applied in our LED models. The thickness of pGaN is set to 220 nm due to high LEE for PSS-LED in Fig. 2(a) and better hole transport in real device. The simulated results on the effect of thickness of SiO 2 layer on LEE of flip-chip LED are shown in Fig. 4(a) . According to the interference theory, constructive interference of normal incident light can happen when the thickness of SiO 2 layer satisfies d = N × λ/(4n SiO2 ) [2] , where N is odd number, λ = 400 nm is the wavelength and n SiO2 = 1.47 is the refraction index of SiO 2 . Therefore, the thickness of SiO 2 should be set to 68 nm (quarter-wave) to attain maximal reflectivity and then maximal LEE. However, It is found from Fig. 5(a) that the maximal LEE is attained at d = 40 nm not at d = 60 nm (nearer to quarter-wave). However, according to the ODR design principle, the reflectivity of ODR with d = 60 nm thick SiO 2 (nearer to the quarter-wave) should be higher than that with d = 40 nm thick SiO 2 . To explain it, Fig. 4(b) and (c) illustrate that radiation pattern of light source in LED with d = 40 nm and d = 60 nm thick SiO 2 . It can be found that there are more vertical light emitted from source of LED with d = 40 nm in Fig. 4(b) than that with d = 60 nm in Fig. 4(c) . Thus, it can be inferred that SiO 2 thickness not only affects the reflectivity of ODR but also tunes the radiation pattern of light source and then affects the LEE of LED. Therefore, for design of ODR in the flip-chip LED with FSS, it is necessary to consider the optical cavity tuning effect for light source as well as the reflectivity of ODR. To attain maximal LEE of LED, the reflectivity of ODR needs to be maximal. Hence, the SiO 2 thickness needs to satisfy d SiO2 = N × λ/(4n SiO2 ), where N is odd number. In addition, to tune the radiation pattern of light source to make the vertical light emitted most, the thickness of pGaN and SiO 2 need to satisfy n SiO2
, where N is odd number. As a result, the pGaN thickness needs to satisfy n GaN × d GaN = N × λ/4 and N needs to be even number. In such situation, the reflected light from the interface of GaN/SiO 2 also makes more vertical light emitted by light source because there is no half-wave loss in GaN/ SiO 2 interface. Namely, the pGaN thickness should be selected at near the valleys of LEE curve of flip-chip LED with FSS in Fig. 2(a) . According to the theory, 212-nm thick pGaN and 70-nm thick SiO 2 are selected to be applied in ODR for flip-chip LED, the LEE of the LED with optimum ODR can be calculated to be 21.3% larger than the largest value (19.3%) in Fig. 4(a) , which verifies the design principle for ODR of flip-chip LED with FSS. And as shown in Fig. 4(d) , we can observe clearly that the LEE curve of flip-chip LED with FSS and ODR also oscillate periodically as the thickness of pGaN due to the optical cavity effect. Therefore, in ODR for flip-chip LED with FSS, the thickness of low-index dielectric layer need to be the quarter-wave, which is in agreement with Ref. 2 and 18. However, we further propose that a pGaN layer with even times of quart-wave thickness should be used according to the optical cavity effect.
The simulation results on flip-chip LED with PSS and ODR are shown in Fig. 5(a) . It can be found that overall trend of the LEE curve first increases and then stabilizes as the thickness of SiO 2 layer, which is obviously different from the LEE curve of flip-chip LED with FSS in Fig. 4(a) . Moreover, according to the above discussions, radiation pattern of light source only plays a slight role in LEE of flip-chip LED with PSS. Therefore, it is obvious that the physical mechanism of ODR enhancing LEE of flip-chip LED with PSS is not different from the optical interference mechanism for flip-chip LED with FSS. To explore the physical mechanism, the reflectivity of ODR as a function of thickness of SiO 2 layer is simulated and shown in Fig. 5(b) . 1-qw, 2-qw, 3-qw, 4-qw and 5-qw are on behalf of the reflectivity of ODR with one, two, three, four and five quarter-wave thick SiO 2 layer, respectively. The reflectivity is the average of s-polarized and p-polarized light because the light from visible LED is unpolarized. Fig. 5(c) shows the schematic diagram of simulated ODR structure. It can be seen in Fig. 5(b) that the reflectivity is maximal when the thickness of SiO 2 is one, three and five times of quarter-wave at α = 0°. Namely, the ODR attains maximal reflectivity when the thickness of SiO 2 is odd times of quarter-wave, which is consistent with the interference theory. The critical angle of GaN/SiO 2 interface can be calculated to be 35°according to the Snell's law. Thus the reflectivity curve is affected by the coherent interference at the incident angle smaller than 35°as demonstrated by the light 1 and 2 in Fig. 5(b) , while it is main affected by surface plasmon polaritons (SPPs) and total internal reflection (TIR) at larger incident angle than 35°as demonstrated by the light 3 in Fig. 5(c) . To further verify the physical mechanisms are coherent interference, SPPs and TIR for incident light with different angles, the cross-section electrical field distributions for ODRs with 220-nm SiO 2 under 5°, 38°and 50°are shown in Figs. 5(d)-(f) . It is obviously that when the incident angle of light is 5°, the coherent interference makes the electrical field distribution in Fig. 5(d) feature alternate with brightness and darkness. As shown in Fig. 5(e) , when the incident angle of light is 38°, surface plasmon resonance induced by evanescent wave makes the electrical field distribution near Al/SiO 2 interface be strongest. Fig. 5(f) displays that when the incident angle of light is 50°, the electrical field intensity for evanescent wave from TIR rapid decreases along SiO 2 thickness. As well known, Thin-film interference is due to the optical path difference between lights reflected from different interfaces. The optical path difference between light 1 and 2 in Fig. 5(c) can be geometric calculated to be D =
, where d is the thickness of SiO 2 layer and α is the incident angle. It can be obtained from the formulation that the D changes faster as incident angle α when the d is larger, which is completely consistent with the result in Fig. 5(c) that the reflectivity of 1-qw curve decreases slower than that of 3-qw and 5-qw curves as α increasing from 0°to 25°. It is obvious that the average reflectivity from 0°to 35°of ODR with one quarter-wave SiO 2 thickness is largest. Therefore, the ODR with one quarter-wave dielectric layer is selected in all reports about flip-chip LED with FSS [2] , [3] , [13] , [14] , [19] . In addition, it also verifies that the coherent interference in ODR is not the main reason for the LEE curve in Fig. 5(a) because the LEE is not maximal at quarter -wave thickness.
In addition, as shown in Fig. 5(b) , there is a absorption peak of reflectivity curve at about 38°r esulting from the SPP resonance absorption [19] . The surface plasmon polaritons are excited by the evanescent wave from TIR [25] . The radiation-SPP coupling efficiency is determined by the sample material, incident light wavelength and the thickness of SiO 2 layer [25] . Therefore, it can be found in Fig. 5(b) that the absorption peak value of reflectivity curve at about 38°first decreases and then increases as thickness of SiO 2 layer. However, a thinner SiO 2 layer induces a wider SPP resonance absorption spectrum, which leads to the increase of ODR reflectivity as thickness of SiO 2 layer at beyond 40°. The reflectivity variation trend as SiO 2 thickness at 40°is consistent with the variation curve of LEE in Fig. 5(a) . SPP excitation relies on evanescent field coupling with the metal film as demonstrated by the light 3 in Fig. 5(b) . Meanwhile, evanescent wave propagates along the GaN/SiO 2 interface and decays exponentially in SiO 2 layer [26] . Therefore, the energy of evanescent wave reaching to the Al metal decays exponentially as increase of SiO 2 thickness leading to the increased reflectivity of ODR at 40°as shown in Fig. 5(b) . Fig. 3 also indicates that for flip-chip LED with PSS, the light with inclined angle larger than 40°can be scattered into escape cone and the probability is more than 50%. It can be inferred that plenty of the escaped light experience the reflection of GaN/SiO 2 interface and their incident angles are larger than 40°. To verify it, an additional monitor is set in front of SiO 2 layer to test the incident light to SiO 2 /GaN interface. As shown in Fig. 6(a) , the distribution pattern of the incident light can be obtained by the Near-to-Far-Field transformation (NTFF) method [1] . It can be found that proportion of incident light with incident angle larger than 40°is about 58%. It is also worth noting that the ratio of incident light with incident angle from 40°to 60°is maximal. Meanwhile, as shown in Fig. 5(b) , the reflectivity of ODR during 40°to 60°is affected most obviously by the thickness of SiO 2 layer. Thus the reflectivity of ODR at over 40°play a major role in LEE of flip-chip LED with PSS and result in the LEE increasing as the thickness of SiO 2 layer. Figs. 6(c)-(d) shows the cross-section electric-field distributions of flip-chip LED with 40-nm SiO 2 , 220-nm SiO 2 and 440-nm SiO 2 , respectively. The electric-field distribute randomly in whole air layer for all models due to the photon scatter from PSS. And as described previously, the use of the thicker SiO 2 reduces SPP absorption which results in the higher LEE and the stronger electric-field intensity in air. To further verify that the reduced SPP absorption is the main reason of increased LEE in Fig. 5(a) . The normalized electric field intensity line distribution near Al layer for flip-chip LED are plot in Fig. 6(b) . It can obvious observed that the electric-field intensity is decreased as the increased SiO 2 thickness. As shown in Fig. 5(d) and 5(f) , the TIR not the coherent interference cause the electric-field intensity decrease with the thickness of SiO 2 . Therefore, the decreased electric-field intensity in Fig. 6(b) is due to the decreased energy of evanescent wave from TIR. The larger energy of evanescent wave reaches Al metal resulting in the stronger metal SPP absorption. Therefore, we think that the thickness of SiO 2 layer in ODR for flip-chip LED with PSS needs to be over wavelength because the energy of evanescent wave decays to enough little when it reaches to Al metal. Therefore, in an optimal ODR structure for the flip-chip LED with PSS, the thickness of low-index dielectric layer should be designed to be over one wavelength instead of universally accepted a quarter-wave.
Conclusions
In summary, we compare the effect of metal reflectors and ODRs for the flip-chip LEDs on FSS and PSS. We have shown that the light extraction efficiency of flip-chip LED on FSS can be significantly enhanced by optical cavity tuning effect, while the optical cavity tuning effect makes little effect on the LEE of flip-chip LED on PSS because the scattering of PSS can make emitted light with various angles propagate into escape cone. In addition, thickness of SiO 2 layer in ODR has dramatically different effects on the LEE for flip-chip LED with FSS and for that with PSS. To attain the largest LEE for flip-chip LED with FSS and ODR, thicknesses of pGaN and SiO 2 need to satisfy even times of quarter wave and quarter wave respectively due to the best optical cavity tuning effect and the largest reflectivity of ODR. However, for the flip-chip LED with PSS and ODR, the total internal reflects and the SPP resonance absorption play a major role leading to increasing LEE as the thickness of SiO 2 layer. Hence, the thickness of SiO 2 layer should be designed to be over one wavelength instead of universally accepted a quarter-wave.
